Understanding the spatial and temporal variability of nitrogen load and characteristics of retention along a river network is important for land management and water resources protection. This study employs a geomorphology-based non-point source pollution model (GBNP) to simulate the hillslope hydrological processes and transport of sediment and pollutants in the upper Xin'anjiang (XAJ) catchment. Based on the simulation, the spatial and temporal distribution of total nitrogen (TN) load from hillslopes and retention characteristics along the river network are analyzed. The results indicate that annual TN load ranges from 0.54 ton/km 2 to 1.88 ton/km 2 and is relatively higher during spring and summer. Average TN load positively correlates with irrigated cropland area (r ¼ 0.820) and negatively correlates with forest (r ¼ À0.43). Seasonal TN retention ratios in the river network range from 0% to 81%, and streams of order 1 in the Horton-Strahler system have the highest retention ratio and are followed by orders 2, 3, and 4, which are mainly determined by the river hydraulic properties.
INTRODUCTION
Non-point source (NPS) pollution is the major source causing river and lake eutrophication and has become the largest threat to water quality in recent years. It has been estimated that 30-50% of surface water bodies in the world have been affected by NPS pollutants (Pimentel ) and NPS has been a major cause of water quality problems (Ongley et al. ; Collick et al. ) . In China, the NPS contribution to water pollution has ranged up to 81% from nitrogen (N) and 93% from phosphorus (P) (Ongley et al. ) . Compared with point source pollution, NPS pollutants have higher variabilities in space and time, and are relatively easy to deposit and degrade along a river network.
Understanding the characteristics of nutrient load over a catchment and retention in river networks is important for land management and water quality protection.
Nutrient pathway in a catchment can be classified into two distinctly different but interactional components, i.e., terrestrial landscape and river network. Both components involve the interactions of hydrological processes with biogeochemical and ecological processes on land and in the river network (Ye et al. ) . It is practically difficult to observe NPS total nitrogen (TN) load from hillslopes and retention along a river network at catchment scale. Alternatively, researchers have attempted to develop appropriate models to simulate such processes in a catchment. There are several distributed models of NPS pollution, such as hydrological simulation program-Fortran (HSPF) (Bicknell et al. ) , agricultural non-point source (AGNPS) (Young et al. ) , and soil and water assessment tool (SWAT) (Borah & Bera ) . However, the discretization of the watershed (e.g., hydrologic research units (HRUs) used in a SWAT model) and the equations used for description of all these processes (e.g., soil conservation service (SCS) curve method used in SWAT and the universal soil loss equation The level of N and P coming from a catchment to a river outlet can be decreased through riverine retention processes (Chen et al. ) , and this is the result of sediment sorption, plant and microbial uptake, and denitrification ( 
STUDY AREA AND DATA

Study area
The XAJ catchment is situated in southeast China with an area of approximately 11,700 km 2 across both Anhui and Zhejiang
Provinces. In this study the headwater region located in Anhui
Province is selected as the study area, which has an area of 5,899 km 2 , covering about 54% of the XAJ catchment (see Figure 1 ). The study catchment is located in the subtropical, humid monsoon climate zone with a mean annual temperature of 15.5 W C and a mean annual precipitation of 1,752 mm (Zhai et al. ) . Precipitation varies spatially and temporally, and falls predominantly between April and July.
Elevation in this catchment ranges from approximately 130 to 1,600 m. About 68% of the catchment area is covered by forest, the dominant types being evergreen broad-leaf forest and deciduous and evergreen broadleaved forest. Agricultural farmlands take up about 19% of the catchment area and the major crops are rice and winter wheat. The remaining land use types include mainly wetland, grassland, and urban areas (see Figure 2) . The major soil types in this catchment are ferralsol, paddy soil and purple soil, 62.4%, 14.6%, and 9.8%, respectively (Li et al. ) . Ferralsol is easily eroded and has low storage and water supply capacity (Zhai et al. ) .
The study area is located in the uncovered bedrocks 
METHODOLOGY Brief introduction of GBNP model
The GBNP model was developed on the basis of the geomorphology-based hydrological model (GBHM) The GBNP model couples soil erosion and nutrient transportation into GBHM to simulate the NPS pollution processes 
where C L is the liquid pollutant concentration, kg m
À3
; C s is the solid absorption concentration, kg kg À1 , and ; z is the depth of soil profile, m; θ is soil volumetric moisture content at the moment t of the depth z.
The source or sink during the time of dt can be calculated as follows:
where V is the soil volume, m 3 ; M fer is surface soil pollutant amount coming from fertilization, kg; M min is mineralization amount coming from soil humus or plant residues, kg; M tran is the transfer quantity between different forms of N, kg, which contains mineralization (from organic nitrogen to ammonia), nitrification (from ammonia to nitrate nitrogen), Figure 4 | Transformations between different forms of nitrogen in the soil profile and river segment described in the GBNP model. and denitrification (from nitrate to nitrogen oxides or gas) and can be calculated by the first-order kinetics equation However, r is a varied value in different seasons, and connected with precipitation, wind direction, location, etc.
(Zhang et al. ). Owing to lack of observation, in this paper a single value of r was used for the whole catchment in the whole period, which was taken from Environmental
Monitor Station of Huangshan ().
Some nitrate may leach from soil into the groundwater.
Pollutants' transport in the groundwater is a long-term process. A simplified lumped groundwater quality model is adopted to descript this process as follows:
where C is pollutant concentration in groundwater, kg m À3 ; C r is the pollutant concentration of unsaturated seepage, kg m
À3
; h is the average depth of saturated zone, m; p is the average effective porosity; q r is the natural leak rate, m s
À1
; a is the first order reaction constant of pollutants' attenuation.
Pollutants' transport in river network
Sediment transport in a river segment is calculated using a one-dimensional equation (Wang & Hu ) . It considers both sediment settling and bank erosion but ignores sediment diffusion. The absorbed nutrients (organic nitrogen) movement process can be calculated as follows (Yu et al. The nitrate source or sink S NO3 is calculated as (Brown & Barnwell ) :
):
where M NO3 is the nitrate amount coming from lateral flow, including surface flow, subsurface flow, and groundwater, kg; C NO3 is nitrate concentration in the river, kg m À3 ; C NH3
is the ammonia concentration in the river, kg m À3 ; K n,1 is nitrification coefficient, day À1 ; K n,2 is denitrification coefficient, day À1 ; α 1 is attenuation coefficient for the uptake by water-weed, day
À1
; A is the wet section area, m 2 .
The ammonia source or sink S NH3 is calculated as (Brown & Barnwell ) :
where M NH3 is the nitrate amount coming from lateral flow, including surface flow, subsurface flow, and groundwater, kg; C orgN is the organic TN concentration, kg m À3 ; K n,3 is the mineralization coefficient, day À1 ; S r is ammonia release rate from sediment, kg m À2 day
; h is water depth, m.
Through the previous processes, the nitrogen loads (including nitrate, ammonia, and organic nitrogen) from the hillslope of each grid and the concentrations of nitrate, ammonia, and organic nitrogen in the river network can be calculated.
Model calibration and validation
The main parameters of the GBNP model are listed in Table 1 . Based on the available data, the monthly discharges The Nash-Sutcliffe coefficient of efficiency (E ns ) and coefficient of determination (R 2 ) are used to evaluate the model performance:
where Q si is simulation value, Q s is average value of simulation, Q oi is observation value, Q o is average value of observation. 
Stream TN retention analysis
In this research, TN retention in a stream segment is defined as the TN reduction mainly including intake by biomass (i.e., uptake) and removal by microorganisms (i.e., denitrification), which can be estimated by the difference between the input and output of TN. The TN inputs may come from the upstream, the hillslopes along the stream and waste water as point sources discharged into the stream and can be expressed as:
where R i is TN retention of river segment i, when R i > 0, this segment is a sink of TN, otherwise it is a source; M in,i is TN input from river segment i-1; M hill,i is TN input from hillslope of this segment; M point,i is point source pollution in this segment; M out,i is TN output of segment i. All quantities can be expressed as a weight (e.g., kg), and all of them are monthly data.
The retention ratio η is defined as:
RESULTS
Spatio-temporal variation of TN load from hillslope
The The spatial distribution of the seasonal TN load is illustrated in Figure 8 ; it is also demonstrated that spring and summer are the major seasons for TN analyzed. Figure 9 shows the average retention ratios of the streams of the four successive orders in four seasons.
The retention ratios range from 0% to 81% in the streams of this catchment. The highest retention ratio is found in the stream of order 1, followed by orders 2, 3, and 4. For the streams of the four successive orders, the highest retention ratio appears in summer, which is consistent with the results reported by other researchers (Grizzetti et al. ;
Chen et al. ).
DISCUSSION
Control factors of TN load from hillslope Figure 5 ) and the rainfall intensity (see Figure 10 ) were both smaller than those in the other three listed years, therefore the TN load was also the smallest. can be adopted.
Relationship between hillslope TN load and river retention
In addition to physical and biochemical properties of the streams, river TN retention is also closely related to TN load from the hillslopes. Therefore, it is important to know how the retention ratios change with the TN load from hillslopes. Owing to the limitation of observations, a scenario analysis is conducted to investigate the relationship between river TN retention and hillslope TN load in this catchment.
For simplification in this study, it is assumed that the wetland is cultivated into irrigated cropland, other land use types are cultivated into upland and plantation except for the current urban area and water body, and that fertilizer is applied to all cropland and plantation areas homoge- It is shown that the retention ratio increases with the TN load but approaches a constant value when the TN load is large enough. The TN retention capacity decreases from the headstream (order 1 stream) to the stream of higher order. The maximum value of TN retention ratio is nearly 70% for streams of order 1, 60% for streams of order 2, 45% for order 3, and 50% for streams of order 4.
These maximum values of TN retention ratios should correspond to the self-purification capacity of the streams in this study catchment, which is potentially useful for making the nutrient mitigation measures. When the TN load is relatively lower, the retention ratios increase rapidly. It implies that the rivers have active self-purification roles. However, when the TN load reaches a threshold, the self-purification may be decreased (Gasiunas & Lysovienė 2014) .
As shown in Figure 12 , the TN retention ratio would sustain a stable value for a long time even when the TN load reached an extremely high value. However, in an actual case, there must be an upper limit of TN load into streams so that aquatic organisms can steady growth. When N is the limiting factor in this area at the beginning, with the increase of TN emissions, phytoplankton increases rapidly and takes up more nitrate. Meanwhile, the N/P ratios will increase. Once N/P ratio is greater than 20:1, the limiting factor will change into P (Schanz & Juon ) . Then, the growth rate of phytoplankton will be reduced, and the uptake nitrate and the TN retention will be decreased consequently. The GBNP model could not simulate this process of the aquatic ecosystem, and this should be an important research topic in future study. 3. The seasonal variations of TN retention ratio in the river network show that the retention ratio varied from 0% to 81% in the whole catchment. The highest retention ratio appeared in summer, due to the rapid growth of aquatic plants and vigorous activities of microorganisms, which accelerate plant uptake and denitrification process. In the river network, order 1 streams have the highest retention ratio followed by the orders 2, 3, and 4, which is mainly determined by the river hydraulic properties. In this research, retention ratio has a positive correlation with river length and negative correlation with discharge and velocity.
CONCLUSION
Nitrogen retention ratio increases logarithmically with the
TN load for all streams of different orders based on scenario analysis. The maximum value of retention ratio is nearly 70% for order 1 streams, 60% for order 2 streams, 45%
for order 3 streams, and 50% for order 4 streams. However, the TN retention ratio is also closely related to N/P ratios.
When a change occurs in the limiting factor, the TN retention ratio will change consequently. Since these processes have not been described in the GBNP model, the maximum value of TN retention ratio might be overestimated in this study, and this needs further study in the future.
